Assessment of the harm caused by exposure to pesticides requires that a measure of exposure be available. While such information is available without difficulty in controlled laboratory studies, estimating the exposure of humans who have been exposed in the real world is difficult. The difficulty is increased if exposures have taken place over an extended time period and the documentation of specifics is unavailable. Three methods of exposure assessment have previously been used: comparison of exposed and nonexposed groups, estimation of exposures through self-report of the individuals, and estimation of exposure through assessment of biomarkers or environmental levels. Each approach imposes limitations. We propose an additional approach -estimation of the degree of exposure for individuals through direct observation of their behavior and their use of personal protective equipment (PPE) during periods of exposure. We also obtain opinions from experts regarding the risk associated with the various behaviors and PPE use and combine these with the observations to create a personal risk index for each individual. By including information on chemicals in use during this period, we can characterize recent (observed) exposure for that individual. By these steps, the degree of risk may be determined for recent (observed) exposure. An estimate of long-term risk resulting from workrelated exposures can be obtained for individuals by summing across their work histories.
Introduction
Long-term exposure to concentrations of organophosphorus (OP) and other pesticides that do not produce frank toxicity or poisoning has been shown to impair behavior in many studies (e.g., Jors et al., 2006; Kamel & Hoppin, 2004) . Behavioral studies of pesticide applicators, greenhouse workers, agricultural workers and farm residents exposed repeatedly over months or years to low levels of OPs reveal a consistent pattern of neurobehavioral deficits (Bazylewicz-Walczak, Majczakowa, & Szymczak, 1999; Cole et al., 1997; Eckerman et al., 2007; Farahat et al., 2003; Fiedler, Kipen, McNeil, & Fenske, 1997; Gomes, Lloyd, Revitt, & Basha, 1998; Kamel et al., 2003; Korsak & Sato, 1977; London, Myers, Nell, Taylor, & Thompson, 1997; Reidy, Bowler, Rauch, & Pedroza, 1992; Rohlman et al., 2007; Rohlman, Bailey, Anger, & McCauley, 2001; Roldán-Tapia, Parrón, & Sánchez-Santed, 2005; Rothlein et al., 2006; Steenland et al., 2000; Stephens et al., 1995) . The functional domains most consistently affected by OP exposure include psychomotor and cognitive behavior (Bushnell & Moser, 2005) . Of the studies examining the impact of pesticide exposure, the majority reflected differences between exposed and controls, but few have measured exposures. Epidemiological field-studies require estimates of the exposure of individuals over their entire histories of exposures in order to evaluate the health effects of pesticides. Obtaining a quantitative measure of the level of exposure concentrations for an individual, however, is a challenge.
Three different approaches have been used by epidemiological studies to estimate exposures: 1) Comparison of health status in exposed versus non-exposed populations; 2) correlation of health status with estimates of individual exposures derived from self-reports or archival records such as work records; and 3) correlation of health status with estimates of individual exposure derived from biological or environmental assessment. In addition to these three we propose the use of a fourth: repeated direct observation of the work behaviors of individuals combined with an assessment of the exposure risk associated with these behaviors. Each approach also requires extrapolating the exposure across an estimated work history in order to evaluate the effects of pesticides over that period. These approaches have different strengths and limitations. We briefly review these and conclude by advocating for an assessment of the value of the fourth approach: adjusted, summed observations.
Group comparisons
There is a long-standing tradition of carrying out field studies that compare the health of an exposed group to that of an unexposed control or reference group in order to determine the danger of toxic exposures (e.g., Anger, 1990 Anger, , 2003 Fiedler et al., 1997) . Though such studies have been helpful in alerting us in regard to toxic dangers, the distribution of exposure concentrations may be broad within groups even to the extent that there may be overlap between the two groups. Thus, a key limitation of the group comparison is that conclusions must be tentative since the level of exposure is not characterized. Furthermore, the individuals in the two groups may differ in ways that would confound the comparison -differences such as age, educational and socio-economic level, etc.
Characterizing exposure of individuals through selfreport or archival records
Some of the methodologically strongest evidence supporting the dangers of low-level exposure to pesticides has been obtained using self-reported exposure ratings (e.g., Fiedler et al., 1997; Jors et al., 2006; see Kamel & Hoppin, 2004 for a general review). Yet, the validity of retrospective self-reports is suspect for many reasons. Although there is evidence that recall is reasonably accurate in some populations (e.g., North American pesticide applicators who keep records of their work) (Hoppin, Yucel, Dosemeci, & Sandler, 2002) , many sources of information attest that most individuals do not remember details of their lives very well, and might be especially untrustworthy when remembering risky behavior or aversive situations (e.g., Gimenes & Vasconcelos, 1997 ). All such reports are made in a social context that might bias recall to either over-or under-report dangerous activities (e.g., Gimenes & Vasconcelos, 1997) . The use of archival records would not automatically correct for such biases, since such records might themselves be biased to over-or under-report risky activities depending on their source. Thus, the limitation of self-report measures of exposure lies in their limited ability to be validated against what exposures actually took place and our general understanding that self-report measures are subject to bias.
Biological or environmental assessment of exposure
While this approach is the most definitive of the four and has been useful in field assessments of health effects of toxic exposures, there are many issues that need to be considered during data collection and interpretation of the results (Barr et al., 2006; Fenske, Bradman, Whyatt, Wolff, & Barr, 2005) . Biological assessment of pesticide exposure in humans is most often accomplished through biomonitoring of urine or blood, although saliva and hair have also been examined (Henn, McMaster, & Padilla, 2006; Barr et al., 2006; Lu, Showlund-Irish, & Fenske, 2003; Ostrea et al., 2006) . OP pesticides are metabolized quickly by the body and eliminated in the urine and there is often great variability within and across samples (Barr et al., 2006; Fenske et al., 2005) . These issues need to be considered when designing a sampling plan. Although spot-urine samples are convenient, they often do not provide an accurate assessment of the current exposure because of the short half-lives of the pesticides (Needham & Sexton, 2000) . In order to assess exposure to pesticides over an extended time period, it is necessary to collect samples at multiple time points (Fenske et al., 2005) . Identifying organophosphate metabolites in urine eventually may provide a way to measure extended exposures, though the use of repeated samples may be needed (Geer et al., 2004; Simcox et al., 1999) ; for example, a review of five published studies shows good correspondence between externally measured doses of Chlorpyrifos (an OP pesticide) and urine levels of Chlorpyrifos excreted over a four-day period, when appropriate corrections were entered for dermal versus inhalation absorption. Hines and Deddens (2001) found evidence of increasing OP pesticides in urine samples for up to three days after exposure (rising cumulative dose). Simcox et al. (1999) found that metabolites of an OP pesticide (azinphos-methyl) were detectable in urine samples for up to 16 weeks after exposure in apple orchard workers. Thus, by proper sampling, emerging analyses may well allow a biological assessment of recent exposure to pesticide (Pope, 1999) . The question then becomes how to extend this assessment of recent exposure into a measure of long-term exposure.
As for biological assessment, environmental assessment is also biased toward providing information on current rather than historical or cumulative exposures. Thus, the limitation of both biological and environmental measures of exposure lies in the difficulty of tying these measures to the long-term, low-level exposures to pesticides that appear to produce changes in cognition and behavior.
Repeated direct observation of activities
We provide an additional measure for indexing the level of an individual's exposure by making repeated observations of the individual's activities -activities predetermined to provide a risk of exposure. Each of these activities is assigned an exposure-risk factor based on expert judgment. An additional adjustment is made for the level of protection an individual is seen wearing during the activity (e.g., mask, gloves, type of shoes, special clothing). This approach, then, involves using direct observations to indicate the frequency with which specific individuals participate in risky activities combined with a collective judgment about the relative risk of pesticide exposure that result from these activities. This personal index of risky behavior can then be combined with an assessment of the pesticides being used during those observation periods to provide an estimate of recent exposure for each individual. We believe that this approach will provide a useful alternative to exposure estimation by self-report and biomonitoring. The present report reviews our approach to obtaining, adjusting, and summing observations to provide such an estimate.
Methods

Participants and Locations
Nineteen farm workers from two tomato farms near Goianópolis, Goiás, Brazil consented to participate in our research. The workers typically work for the same farmer throughout the year and are paid, in part, with a percentage of the farm income from the harvest. All participants were male.
Each farm occupied approximately 7 acres of a gently sloping field, arranged with parallel rows of staked tomatoes spaced approximately 1m apart and following the topographical contours of the hillside. The tomatoes on these farms grow on stakes to reduce contact with vermin -a fact that considerably increases the worker's exposure to sprayed pesticides. Each row was divided into approximately 20m sections, with downhill paths about 2m wide separating the farm into rectangular sections. These paths are designed to allow water to flow downhill from a system of pipes running along the top row, so that the water can be temporarily diverted into each row until the whole section has been irrigated. Typically workers are responsible for all farming activities taking place in one or two of these rectangular sections. A large (200 KL) vat in which pesticides are mixed with water is placed at the top of each section. Workers filled backpack sprayers (20 KL) from these vats and applied pesticides to the plants. Pesticides were sprayed daily for the first weeks of a growing cycle (usually 14 weeks) and every three days thereafter (spraying did not occur on days preceding the harvest of tomatoes). The pesticides used on the farms are shown in Table 1 . English chemical classes are indicated along with Portuguese names for the chemicals.
Observations
Three researchers visited each farm approximately once a week for 12 weeks. These unannounced visits occurred either in the morning or afternoon. Two researchers circulated through the farm twice (approximately an hour apart) and independently observed what each worker was doing when he was encountered.
Observations were made using a checklist of possible farm activities as well as a list of protective clothing that could be worn by the workers. The third researcher interviewed the farm manager about ongoing activities at the farm as well as activities and worker attendance since the last visit. This interview included a listing of chemicals used on the farm and the frequency of use.
Estimating Exposure
Two researchers independently rated the exposurerisk for each possible farm activity and the risk-reduction for each type of protective clothing on the checklist; 100 was the highest risk rated and 40 was the minimum risk (i.e., simply being on the farm). Risk-reduction was separately rated for each type of clothing matched against each farm activity and set as a percentage reduction for the exposure risk for that activity. Thus, for example, wearing a mask reduced the risk number for spraying from 100 to 80. This matrix of values was then applied to the observations collected for each worker to determine his exposure index for each observation day. The exposure value for each activity was added to the daily sum for a worker after being reduced by the protection offered for that activity by his clothing. An average daily exposure value was calculated across all observation days for each worker. Table 1 presents the summed observation data for each worker on the two farms. The number of observations is indicated for each worker in the first row. Number of observations ranges from 10 to 20. As there were two observations for each day, the number is always plural. Of the available observations, the number of times the worker was observed doing each of 22 work activities is noted in successive rows. Some of these activities are mutually exclusive (e.g., mixing chemicals and spraying) while others are not (e.g., being within 1m of the mixing vat and pouring chemicals). Each of these activities carried a specific risk value. Besides the activities, we also observed whether the worker was wearing protective clothing as noted in the table. For each activity, the risk was reduced by a specific value for each specific kind of protective clothing that the worker was using. Multiple protections produced greater protection by a simple sum of these reductions. For each worker, a risk index was determined for each day by adding up the risk associated with each activity (reduced by the specific amounts the observed protections changed the risk of that activity).
Results
The average of these daily summed risks is shown in the next to bottom row of the table, along with the average for each farm. The mean and standard deviation was determined for these average individual values and a z-score was calculated for each worker (bottom row). These are the z-scores that were used in generating the frequency distribution shown in Figure 1 . Individuals performed different activities during our observations. Some individuals were often close to the vat while others were rarely there. Some were observed spraying many times, while others were rarely or never seen spraying. Our observations are, of course, only a sample of the work done. One clear similarity between the farms is that on both of them harvesting the tomatoes was a common activity. Yet, there are also differences between the farms. One clear difference between the two farms, for example, is that we saw less spraying on Farm 2 than on Farm 1, where spraying was among the most common activities. On the other hand, we saw more spreading of fertilizer and irrigating on Farm 2 than on Farm 1. On Farm 2 these were among the most common activities. As our observations were rarely made early in the morning, perhaps spraying took place on Farm 2 when we were not present to observe it and spreading of fertilizer and irrigating took place on Farm 1 when we were absent. The two farms were more similar in the use of protective equipment by their workers. Masks were almost never seen and gloves were rarely seen. Hats, long pants, and shoes (boots), on the other hand, were used by almost all (one worker was never seen wearing long pants or shoes).
In total, our observations showed a great diversity of activities and protective clothing use. Specifically, the sample that we obtained appears to provide a basis to distinguish the risk of exposure across these individuals. Personal indexes range from a low of 85 to a high of 130, and these were both for individuals on Farm 1. There may be a slight difference between the two farms, yet the average individual indexes showed considerable overlap between the two farms. The similarity was sufficient to allow us to consider personal indexes from both farms to fall along a continuum ranging from the lowest to the highest risk of exposure. After determining the personal index for each worker the means and standard deviations were calculated. Values for individual workers were then expressed as z-scores and presented as a worker's level of exposure compared with those for other workers. Figure 1 presents a frequency distribution of the individual index z-scores. The distribution for these 19 workers is somewhat skewed to the right -a clustering of lower-exposed workers and a spreading out of higher-exposed workers. The distribution appears to be sufficiently symmetrical, however, to provide a reasonable set of exposure values for use when exploring the relation between individual exposure and individual behavioral measures that show toxic impairment. We will use the location of an individual worker within this distribution as a personal risk index to adjust upward or downward the estimate of exposure derived for this individual from work history data (obtained through interview or archival records). These work history data will themselves be adjusted by a factor determined by the types of chemicals in use during the period considered.
We have included the list of pesticides used on the farms during our observations in order to demonstrate how this information might be used to supplement the behavioral observations to determine the degree of Z-score ) . Table 2 provides a listing of chemicals that were used during the period of observation for this report. When used in measuring exposure, observations for a specific day will be linked to the specific chemicals and dosages being used, thus allowing frequency and degree of exposure to be represented in the analysis. Table 2 shows that a number of different pesticides were used during the period of observation and that they were drawn from a number of different chemical classes, including organophosphate compounds (a class of chemicals that has been used as pesticides since the 1940s), carbamates (used as pesticides since the 1960s), pyrethroids (used as pesticides since the 1980s), as well as more recently developed pesticides. On most days a "cocktail" of chemicals was sprayed. Our experts will rate the toxicity of these specific mixtures to provide a level of risk for each day.
Discussion
We have demonstrated the initial steps for using behavioral observations of farm worker activities as a basis for estimating worker exposure to pesticides. In step 1, behavioral observations (Table 1) were combined with expert estimates of the risk associated with each of the observed activities in order to produce a personal index of risk for each individual and a distribution of exposure potential across a group of farm workers (Figure 1 ). This step locates each worker along a continuum of exposure risk, much as an IQ test locates individuals along a continuum of intellectual potential. In step 2, the chemicals being used are identified (Table 2 ) in order to begin to specify the degree of exposure resulting from each worker's activities. This second step is anticipated but was not completed in our present analysis. It provides an estimate for recent exposures for each worker, an estimate that may be crossvalidated against self-report, environmental, and biological estimates of exposure in predicting behavioral impairments resulting from this exposure.
To characterize long-term rather than merely recent work-related exposures for individuals, however, a method must be developed to extend beyond the period of observation of recent activities. To accomplish an estimate of long-term exposure, information can be obtained regarding the work history of the individual and a list can be generated of the chemicals and amounts of exposure likely to have been associated with that work history. From the first of these, "exposure duration" can be derived; from the second, "exposure dose" can be derived (once again by applying expert judgment regarding the risk associated with these chemicals).
The exposure potential represented in Figure 1 can then be calculated for this historical exposure to provide a personal "best-available" estimate of exposure for the specific individual across that history of exposures. In this process, the individual's risk potential ( Figure  1 ) is treated as a stable personal tendency that would amplify or minimize exposure for that individual, given the work and chemical history.
Our approach to estimating exposure utilizes expert judgment for estimating the risk of specific activities and the protection from risk offered by clothing and other personal protective equipment used during these activities. Expert opinion is also used to judge the risk associated with specific chemicals. In our final method for establishing each of these risks, expert judgment would be obtained and combined in a manner similar to the one recommended by Wallsten and Whitfield (Wallsten & Whitfield, 1986; Whitfield & Wallsten, 1984 , 1989 on how the U.S. EPA might estimate a "dose-response" effect of lead exposure on human health even though objective data for such an estimate were scarce at that time and the data that were available were subject to complex confounding. They demonstrated that a principled and objective combination of expert opinion provided a way of reaching a scientifically based evaluation of risk even when opinions differed from one scientist to another. Such is certainly the case at present regarding the evaluation of risk for pesticide exposures. Wallsten and Whitfield's protocol involved: 1) recruiting the participation of experts in the field of the toxicology of pesticides; 2) presenting each expert with the same extended series of concrete but hypothetical exposure scenarios (e.g., example question for expert: "A twenty year old male tomato farm worker fills his backpack sprayer -[activity X] -0 times each day from a vat containing Y amount of pesticide Z Please indicate your estimate of the likelihood that this worker will suffer from a memory impairment after 5 years of this work.). 3) use these exposure scenarios to provide estimates for a range of doses (i.e., a range of Y from the example above) for several representative pesticides (i.e., pesticides indicated as Z in the example above) so that a dose-response function can be derived that represents this expert's judgment of the danger associated with each worker activity (activity X) and each pesticide; and 4) combine these dose-response curves in order to derive an "average estimated relative risk."
The present approach thus also recommends aggregating the judgment of independent experts to arrive at a collected judgment of the relative risk of pesticide exposure. The popular but respected book titled "The wisdom of crowds" (Surowiecki, 2004) presents many examples supporting the use of the aggregated judgment of diverse, independent, and decentralized agents (i.e., each having their own kind of knowledge) to provide a more consistently accurate judgment than that provided by the judgment of any subgroup of specialized experts.
We believe that behavioral observation, combined with such collected judgment regarding risks brought on by these activities and chemicals used will provide a relatively low-cost but valid scientific basis for estimating both recent and long-term toxic exposure.
